Abstract-A synthetic fiber rope, which is lightweight and has a high tensile strength and flexibility, is receiving considerable attention as a replacement for a stainless steel wire rope. This letter describes its ability to endure repetitive bending. We performed experiments in conformity with the ISO 2020-2 standard using ten synthetic fiber ropes made of different materials and with different compositions, along with two stainless steel wire ropes. As a result, a 7 × 19 stainless steel wire rope and an ultrahigh molecular weight polyethylene rope (SK-71), which has a high resistance to frictional wear, did not experience significant loss of tensile strength. However, repeated bending caused the tensile strength deterioration of the other synthetic fiber ropes, which had low resistances to frictional wear. In the case of steep bending with a small pulley or bending with high tension, we experimentally revealed that some synthetic fiber ropes are superior to stainless steel wire ropes.
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Abstract-A synthetic fiber rope, which is lightweight and has a high tensile strength and flexibility, is receiving considerable attention as a replacement for a stainless steel wire rope. This letter describes its ability to endure repetitive bending. We performed experiments in conformity with the ISO 2020-2 standard using ten synthetic fiber ropes made of different materials and with different compositions, along with two stainless steel wire ropes. As a result, a 7 × 19 stainless steel wire rope and an ultrahigh molecular weight polyethylene rope (SK-71), which has a high resistance to frictional wear, did not experience significant loss of tensile strength. However, repeated bending caused the tensile strength deterioration of the other synthetic fiber ropes, which had low resistances to frictional wear. In the case of steep bending with a small pulley or bending with high tension, we experimentally revealed that some synthetic fiber ropes are superior to stainless steel wire ropes.
Index Terms-Tendon/wire mechanism, synthetic fiber ropes, repetitive bending, mechanism design.
I. INTRODUCTION
C URRENTLY, synthetic fiber ropes with high performances are actively being developed. The tensile strengths of some of these are the same or larger than that of a stainless steel wire rope. Moreover, they are particularly lightweight, with a density that is 1/5 to 1/8 that of a stainless steel wire rope. In addition, they can be easily handled such as when making knots to fix the end in place because they are more flexible than a stainless steel wire rope. The frictional coefficients of most of these synthetic fiber ropes varied from 1/3 to 1/5 that of a stainless steel wire rope, implying a possibility to develop a high energy efficiency transmission mechanism. Many researchers have taken advantages of these features by applying them to tendon-driven robots [1] - [5] , artificial muscles [6] , and so forth.
When designing a tendon-driven mechanism with metal wire ropes, many of their characteristics (e.g., tensile strength, minimum pulley radius, and terminal fixation strength) are provided by the International Organization for Standardization (ISO) or books [7] been widely applied in robots, elevators, cranes, and so forth for a very long time. On the other hand, in relation to synthetic fiber ropes, although manufacturers provide some of the characteristics of the original yarn [8] , they only provide the tensile strength (breaking strength) as a physical property when it is constructed as a rope. Although some researchers have studied the physical properties of synthetic fiber rope [9] , [11] , to the best of our knowledge, there has been no comprehensive research providing a systematic design guideline. Moreover, the physical properties supplied by individual manufacturers are difficult to compare in the rope selection process because their measurement conditions are determined by the individual manufacturers. Therefore it is very difficult to apply synthetic fiber ropes in reliable robotic applications requiring high quality assurance. In this study, our ultimate goal is to reveal the advantages and disadvantages of various synthetic fiber ropes by comparing them to each other in standardized experiments, and provide fundamental information to establish a general design guideline for a tendon-driven robot. Advancing the study of the physical properties of the synthetic fiber ropes in the future will provide a great opportunity for developing new lightweight, compact, and robust drive mechanisms that have not been achieved with conventional metal wire ropes.
To fulfill the design guideline, we need to investigate the physical properties of the ropes such as creeping elongation, visco-elasto-plasticity, and durability against impact loading. The basic mechanical properties of a tendon-driven transmission mechanism, such as frequency response, load capacity, maximum velocity, friction, durability, terminal fixation method, are also very important.
As a first step of this study, we showed a strength reduction by static bending with a fixed pulley, where the ratio of pulley diameter D and wire diameter d determines the strength reduction, similar to that with a steel wire rope [12] in our previous study. In this article, we focused on the strength degradation by repetitive bending. Fig. 1 shows a prototype model of a coupled tendon-driven 3D multi-joint manipulator [2] designed for use in decommissioning tasks in the confined environments of the Fukushima Daiichi Nuclear Power Plants. Each joint is controlled by synthetic fiber tendons, which are repeatedly bent by multiple pulleys. It is essential to understand the durability of synthetic fiber ropes with repetitive bending in order to ensure the total lifetime of the manipulator.
In this regard, one reference [10] reported the results of the cyclic bend-over-sheave (CBOS) fatigue testing of 40 mm diameter fiber ropes. However, the experiments conditions were not 2377-3766 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information. suitable for a tendon-driven robot because the tests were for a thick mooring rope. Another reference [11] reported the results of repetitive bending experiments. However, there was insufficient information about the custom-made apparatus, which made it difficult to double-check the results. A third reference [13] reported the results of rope endurance tests with three materials. However, because these experiments were performed using a specially designed capstan drive mechanism, it is difficult to generalize the results and apply them to various types of tendon-driven robot.
In this study, we found the strength degradation due to repetitive bending using various types of synthetic fiber ropes. In order to obtain comparable and generalized results, the test apparatus was constructed based on the ISO 2020-2 for the preformed flexible steel wire rope for aircraft controls. Five synthetic fiber materials with two different compositions, as well as two stainless wires ropes, were tested. We will discuss the advantages and disadvantages of these synthetic fiber ropes by comparing the results of these tests.
II. TEST APPARATUS AND MEASUREMENT METHOD
The International Organization of Standardization (ISO) defines an endurance test for a preformed flexible steel wire rope for aircraft controls in ISO 2020-2:1997. The tested wire rope is repeatedly bent 70,000-130,000 times by passive rotating test pulleys, and the tensile strength (breaking strength) is measured after this endurance test. The rope shall have more than 50% or 60% of the original breaking strength in the case of a carbon steel wire rope or corrosion-resisting (stainless) steel wire rope, respectively. On the other hand, there is no standard regulating a repetitive bending experiment for a synthetic fiber rope. Thus, it is natural to test synthetic fiber ropes using the same apparatus as used for steel wire ropes in order to compare their durability values. Fig. 2 shows the endurance test apparatus specified in ISO 2020-2. The rope is tensioned by a weight, driven by a cylinder with a sufficiently large diameter, and bent by testing pulleys whose shape is strictly determined. This apparatus can test two samples at once. The dimension of the testing pulley and tension of the rope can be adjusted based on the diameter of the test rope. Fig. 3 shows the developed experimental apparatus, which has a symmetrical structure on the front and back sides. In order to test four samples in one endurance test, we installed two ropes, as shown in the red and blue lines in Fig. 3 . We used a programmable linear actuator (T6L-20-600-3L-SR1-X05N-B, YAMAHA) instead of a drive cylinder to simultaneously drive both wire ropes because this made it easy to set the distance and speed of the reciprocating motion and precisely count the number of repetitions.
The experimental conditions are listed in Table I . The ISO 2020-2 compliant experimental conditions for a φ2 mm rope (derived by linear interpolation from the conditions for ropes with diameters of 1.6 mm and 2.4 mm) are marked with the * symbol. In order to investigate the advantages of synthetic fiber ropes, we performed the experiments with smaller testing pulleys, higher tension values, and a higher number of reversals because a synthetic fiber rope is expected to be used in compact mechanisms with a higher load capacity and in higher endurance applications. Typically, 70,000 repetitive motions required a testing time of approximately 9 h and 43 min. After a specified number of reciprocating motions, the breaking strength was measured to evaluate the degradation of the tensile strength. A schematic representation of the tensile strength is shown in Fig. 4 . Because a synthetic fiber rope has a small frictional coefficient, we carefully selected the end-point fixation method. In order to tightly fix the end of the test rope, a loop was formed by a knot and it hung on a pin with a 6 mm diameter. The upper and lower extremities of the test rope were wound around fixed pulleys for three or more turns to exploit belt friction. Ideally, the pulley radii should be as large as possible to eliminate strength degradation due to static bending. However, we chose pulleys with diameters of φ75 mm and φ100 mm to reduce the total length of the testing ropes. In our previous work [12] , the diameters of both fixed pulleys were sufficiently large to prevent a decrease in the breaking strengths of a φ2.0 mm rope. We measured the tensile strengths of the ropes using tensile testing device (AG-I, Shimadzu co., 100 kN maximum load) until the test ropes broke, where the stretching velocity was 300 mm/min. Table II lists the physical properties of the yarn used to construct the test ropes. Table III lists the specifications of the constructed test ropes. All of the ropes had a diameter of 2 mm. Basically, there were two types of construction. One was a single layer rope with an eight strand braid to achieve the highest tensile strength. 1 The other was a two-layer types where the core fibers were covered with sleeve fibers to prevent the rope surface from wearing. In this construction, although the core fibers were protected, the maximum tensile strength decreased because the tensile force was always supported only by the core fibers, with no contribution from the sleeve fibers in supporting the tensile force because of the deformable mesh braiding. Because the outer diameter of the rope was equals to φ2 mm, two-layer ropes had fewer core fibers. It should be noted that most of the measured tensile strengths obtained in the experiment without the endurance test shown in Fig. 4 were only 50-70% of the estimated values calculated by multiplying the yarn strength by the number of yarn fibers. This might be because of the differences in the lengths of the eight strands and the mutual strands damage during the tensile strength test.
III. ROPES TESTED
In order to compare these synthetic fiber ropes with stainless steel ropes, we prepared ropes with two different configuration: 7 × 19 and 7 × 7. We performed endurance tests for a total of twelve types of ropes, as discussed in the following section.
IV. EXPERIMENTS
We performed the experiment as follows. 1) The weight was adjusted to add the specified tension.
2) The weight was supported by a jack, and the test rope was set into place.
3) The jack was lowered to apply tension to the test rope. 4) Reciprocal movements were applied for a specified number of bending repetitions. 5) The rope was removed, and four samples were obtained. 6) The breaking tensile strength was measured for three of the samples. We carefully fixed the extremities of the test rope to the tensile measurement jigs in order to place the tested part between the upper and lower jigs to correctly measure the breaking strength of the bent section. The measured tensile strength was obtained by averaging the values for three samples. In the following figures, each of the error bars shows the standard error of three samples. Here, we define the strength efficiency in the following equation.
Strength efficiency

=
Tensile strength after repetitive bending Tensile strength before repetitive bending % Both the breaking strength and strength efficiency are discussed in the following section.
A. ISO 2020-2 Compliance Test
We performed the endurance experiments based on the ISO 2020-2 specified conditions listed in Table I . The breaking strength measurement results are shown in Fig. 5 . The white bars in Fig. 5 indicate the original breaking strength without repetitive bending. The tensile strengths of all of the synthetic fiber ropes except Dyneema1 and Dyneema2 were substantially decreased by repetitive bending. In particular, even though Zylon2 had the maximum original tensile strength among all the tested ropes, its tensile strength significantly decreased, becoming smaller than those of Dyneema2 and Stainless1 after the repetitive bending test, which suggested that PBO fiber ropes are greatly affected by repetitive bending. These results also showed that evaluating the repetitive bending endurance is extremely important for a practical driving mechanism.
These experiments confirmed that two layer construction was not effective at increasing the fatigue life time of the rope. The strength degradation seemed to be mainly caused by the mutual friction between the strands of the core fibers, because the breaking strengths of the two-layered ropes (Zylon1, Kevlar1, Technora1 and Vectran1) were significantly decreased. Fig. 6 shows the strength efficiencies of the tested ropes. In the case of the Stainless1 rope, the strength efficiency is nearly equal to 100%. Dyneema1 and Dyneema2 also have competitive high strength efficiencies more than 90%. These results imply that these ropes are suitable for repetitive bending operations over long periods. In contrast, the strength efficiency of Stainless2 became approximately 35%. This was because of the larger stress due to the thick stainless steel wire of φ0.22 mm, which was 1.7 times higher than that of Stainless1.
B. Relationship Between Number of Bending Repetitions and Strength
In order to investigate the relationship between the number of bending repetitions and the tensile strength, the number of bending repetitions was set to 10, 35, 140 × 10 3 , whereas the other experimental conditions were kept the same. (We omitted the tensile strength measurement with the smaller number of bending repetitions if there was no significant degradation after 70 × 10 3 bending repetitions as shown in the previous subsection.)
Figs. 7 and 8 show the experimental results for the tensile strength and strength efficiency, respectively. A repetition value of zero indicates the original strength before the bending test. With the exception of Dyneema1 and Dyneema2, the synthetic fiber ropes showed rapid strength decreases during the initial 10 × 10 3 bending repetitions. After 70 × 10 3 bending repetitions, their strength degradations became gradual. In contrast, Stainless1, Dyneema1, and Dyneema2 retained an almost constant strength or showed only a slight degradation. Stainless2 broke at 73 × 10 3 bending repetitions as a result of the high bending stress of its thick strands.
In summary, the tensile strength of a synthetic fiber rope decreased in accordance with the number of bending repetitions, and the degree of decrease became more gradual as the number of bending repetitions increased. Although a stainless wire rope with thick strands was broken, we did not observe any strength degradation of a stainless wire rope with thin strands, which suggested that a stainless wire rope with thin strands was superior to the synthetic fiber ropes under this experiment condition.
C. Relationship Between Tension and Strength
The tension specified in ISO 2020-2 is 31.3 N, which is less than 1% of the breaking strength. Thus, this condition is not plausible for the driving mechanism of a robot joint. Ideally, repetitive bending tests should be performed under various magnitudes of tension. As a first step of this investigation, the rope tensions were changed from 31.3 N to 147.0 N based on a consideration of the mechanical strength of the experimental apparatus, and the relationship between the tension and strength was investigated. Figs. 9 and 10 show the breaking strength and strength efficiency, respectively, where the horizontal axes indicates the tension values of the ropes. The original strength and its efficiency before the repetitive bending test are plotted at a tension of zero. If the ropes broke during the repetitive bending test, the data are plotted on the horizontal axis.
It was verified that the strengths of all the ropes except Vectran1 decreased as the tension increased. As for the Zylon, Kevlar, and Vectran, the two-layer structure was effective at maintaining the strength under repetitive bending. As for the stainless ropes, Stainless2 broke when 99.3 N was applied, and the strength of Stainless1 greatly decreased when 147.0 N was applied. When 147.0 N applied, Dyneema1, Dyneema2, and Technora2 were superior to Stainless1, which suggested that these synthetic fiber ropes had higher repetitive bending endurance values than the stainless steel ropes under a higher tension. 
D. Relationship Between Testing Pulley Radius and Strength
Because a synthetic fiber rope is very flexible and does not require a high bending moment compared with a metal wire rope, synthetic fiber ropes are frequently used for compact drive mechanisms [3] , [4] . In our previous work [12] , static bending was shown to cause as strength reduction similar to that in metal wire ropes. For example, in a case where ratio D/d equals 1 (pulley radius D equals rope radius d), the strength efficiency becomes approximately 40-50%. In this experiment, we measured the repetitive bending endurance with smaller pulleys. We changed the testing pulley radius to apply much sharper bending, assuming a compact mechanism. Pulley diameters of φ24 mm, 10 mm, and 6 mm were used for the bending tests. The other experimental parameters were kept the same as the ISO 2020-2 compliant conditions.
Figs. 11 and 12 show the breaking strength and strength efficiency, respectively. The horizontal axes indicate the curvature of the testing pulley (1/radius), and the plots on the horizontal origin were obtained from original measured rope strength without repetitive bending tests. Stainless1, Stainless2, and Kevlar2 broke during the bending experiments with the 10 mm testing pulley. In contrast, all of the synthetic fiber ropes except for Kevlar2 survived under the same condition. Moreover, in the case of the 6 mm testing pulley, none of the six synthetic fiber ropes broke. In particular, Dyneema1 and Dyneema2 retained more than 40% of their original strengths, suggesting that Dyneema is suitable for a compact mechanism.
In summary, the synthetic fiber ropes were generally found to be superior to stainless wire ropes in the case of repetitive bending with small pulleys. In particular, the Dyneema1 and Dyneema2 ropes could withstand sharp bending.
V. DISCUSSION
Because a synthetic fiber rope is more flexible than a metal wire rope, it is expected to possess higher durability against repetitive bending. However, based on the results of ISO 2020-2 compliant experiments, the tensile strengths of almost all the synthetic fiber ropes substantially decreased whereas a stainless wire rope with thin strands did not show tensile strength decrease. Only four ropes, Dyneema1, Dyneema2, Kevlar2, and Technora2, satisfied the requirement of the ISO standards that shall have 50-60% of the original strength after 7.0 × 10 4 bending repetitions. Among the four synthetic fiber ropes, Dyneema2 had a slightly higher residual strength than Stainless1. This result was different from our initial expectations.
Using a synthetic fiber rope definitely reduces the total weight of a tendon-driven robot. However, is this the only apparent advantage to choose a synthetic fiber rope? In order to answer this question, we changed the experimental conditions by increasing the rope tensions as well as the number of bending repetitions. In this case, Stainless2, which had thick strands, broke during the experiment, while the synthetic fiber ropes did not. Moreover, Dyneema1, Dyneema2, and Technora2 were superior to Stainless1, which had thin strands, in terms of both the tensile strength and strength efficiency under the higher tension. Finally, a sharper bending endurance test showed that the synthetic fiber ropes definitely had high durability values than the stainless wire ropes. These results quantitatively supported the conclusion that a synthetic fiber rope can be used to make a compact tendon-driven mechanism with a high load capacity and high endurance.
In our previous work [5] , we developed a lightweight sprawling-type quadruped robot using tendon-driven joints with synthetic fiber ropes (Fig. 13) . The hip joints used a new compact speed reduction mechanism, where φ1.05 mm Dyneema2 rope was wound around a thin input shaft of φ5.5 mm. In this case, D/d becomes 5.23. We selected the synthetic fiber rope because of the difficulty of assembling the robot with stainless wire rope, and to reduce the weight of the robot, and maximize leg's output force. However, at that time, we could not quantitatively justify our selection in terms of durability.
The results reported in this letter clearly show that if stainless wire ropes were used for that quadruped robot, it could not walk 70,000 steps because of the rope's low endurance against sharp bending. In contrast, it is estimated that using Dyneema2 ropes will make it possible to achieve at least 140,000 steps. If the quadruped robot walks with a maximum speed of 1.38 m/s, with a duty factor of 0.55, stride of approximately 0.2 m, and walking period of 0.318 s, it is estimated that the robot could walk 61.5 km over 12 h and 20 min. After 140,000 steps, two diagonal legs could still support 232 N, which is more than four times the total weight of the body.
As previously mentioned, the results described in this letter contribute to the design and quantitative evaluation of a new tendon-driven robot mechanism.
VI. CONCLUSION
In this letter, we focused on the strength reduction produced by the repetitive bending of a synthetic fiber rope and measured the durability using the ISO provided experiment. The contributions of this letter are summarized as follows.
r The tensile strength of a synthetic fiber ropes is decreased by repetitive bending.
r Although the PBO fiber ropes had the highest original strengths, they were highly degraded by repetitive bending.
r UHPE ropes could withstand repetitive bending. r Some synthetic fiber ropes were superior to stainless wire ropes under higher load and smaller pulley bending conditions. This letter provided basic information about using synthetic fiber ropes for a tendon-driven robot, which will assist researchers and developers in choosing appropriate ropes. We plan to continue updating the data by adding new materials such as SK-75 and SK-99 in the near future. Repetitive bending test under a considerably high tension, such as 50% of the breaking strength, is also required for practical robotic applications.
In this letter, we particularly focused on the strength degradation caused by repetitive bending. However, in order to establish a comprehensive design guideline for using synthetic fiber ropes for a tendon-driven robot, we need to investigate various properties such as the strength against impact, creeping elongation, visco-elasto-plastic deformation, the effect of lubrication, aging degradation, weather resistance, heat resistance, and so on. Moreover, the development of basic mechanical elements such as an end fixation method, and driving pulley with groove will be important topics in future work to achieve a high performance tendon-driven robot with synthetic fiber rope.
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